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Abstract

An approach to automatic prediction of the amino acid type from NMR chemical shift values of its nuclei is presen-
ted here, in the frame of a model to calculate the probability of an amino acid type given the set of chemical shifts.
The method relies on systematic use of all chemical shift values contained in the BioMagResBank (BMRB). Two
programs were designed, one (BMRB stats) for extracting statistical chemical shift parameters from the BMRB
and another one (RESCUE2) for computing the probabilities of each amino acid type, given a set of chemical
shifts. The Bayesian prediction scheme presented here is compared to other methods already proposed: PROTYP
(Grzesiek and Bax, J. Biomol. NMR, 3, 185–204, 1993) RESCUE (Pons and Delsuc, J. Biomol. NMR, 15, 15–26,
1999) and PLATON (Labudde et al., J. Biomol. NMR, 25, 41–53, 2003) and is found to be more sensitive and more
specific. Using this scheme, we tested various sets of nuclei. The two nuclei carrying the most information are Cβ

and Hβ, in agreement with observations made in Grzesiek and Bax, 1993. Based on four nuclei: Hβ, Cβ, Cα and
C′, it is possible to increase correct predictions to a rate of more than 75%. Taking into account the correlations
between the nuclei chemical shifts has only a slight impact on the percentage of correct predictions: indeed, the
largest correlation coefficients display similar features on all amino acids.

Introduction

As the assignment of NMR spectra still requires
manual expertise (Doetsch and Wagner, 1998), any
method permitting to automate the assignment steps
is useful in accelerating the spectral analysis in the
frame of high throughput NMR structure determin-
ation (Montelione et al., 2000). The acquisition of
NMR experiments permits to record two types of in-
formation: chemical shifts and correlations between
spins. The correlations are widely used for spectral
assignment and structure determination (Wüthrich,
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1986; Ikura et al., 1990; Sattler et al., 1999), while
chemical shift information is not used as systematic-
ally as correlations during the early stages of spectral
analysis.

Nevertheless, some methods have been developed
(PROTYP by Grzesiek and Bax, 1993, RESCUE by
Pons and Delsuc, 1999 and PLATON by Labudde
et al., 2003) for the amino acid type assignment from
chemical shift values. On the other hand, chemical
shift values can be used for determining secondary
structures (Wishart and Sykes, 1994) or for determ-
ining the (φ,ψ) backbone angles (Cornilescu et al.,
1999), once the sequential assignment has been per-
formed. On a preliminary or refined structure, chem-
ical shift quantification has been used for structure
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docking (McCoy and Wyss, 2002), for structure qual-
ity evaluation (Williamson et al., 1995), for assign-
ment of homologous proteins (Wishart et al., 1997), as
well as for structure final refinement (Pearson et al.,
1995).

We present here a way to calculate the probability
of amino acid types from a set of chemical shift values
through the use of the BioMagResBank, a databank of
chemical shifts from assigned proteins (Seavey et al.,
1991). The method is based on a probabilistic model
and follows the work of Pons and Delsuc, 1999 (RES-
CUE) based on a neural network. Thus, although the
underlying method is totally different, the method
presented here has been implemented through a pro-
gram called RESCUE2. This predictive method is
used to determine the minimal set of nuclei giving
the best predictions and to test various sets of nuclei
available from NMR experiments.

This method has been developed for two purposes.
First, it allows the systematic analysis of protein chem-
ical shifts, in order to extract the maximum of chem-
ical information in structure determination as well as
in cases where the complete spectral assignment is not
reachable. Secondly, we are here proposing and testing
a very general scheme to process spectral informa-
tion: this scheme can be used into a larger assignment
strategy, as for instance in sequential assignment.

Theory

Bayesian decision scheme

The amino-acid type utakes its value among one of
the 20 regular amino acid types and an amino acid of
type u in the protein under study, is denoted AAu. The
set of chemical shift values observed for a given spin
system is denoted X, and will be called an observation.
The prior probability of an amino acid type is written
P (AAu) and represents the probability of this amino
acid type independent of the observation X.

We calculate the conditional probability P (AAu|X)
of the amino-acid type u, given an observation X,
using a probabilistic model of chemical shifts distri-
butions. From the Bayes’s theorem, one can write:

P(AAu|X) = fAAu(X)P (AAu)

f (X)
, (1)

where fAAu(X) is the conditional probability of the set
of chemical shift values X given the amino acid type
u, and f (X) is the sum of the fAAu(X) terms over all
amino acid types.

Since the quantity f (X) is only a normalizing con-
stant for the probabilities, it is not calculated. The
prior probabilities P (AAu) of the amino acids are dif-
ferent among the AAu, but, in the present work, in
order not to bias the predictions in favor of the most
probable amino acids, we assume the same prior prob-
ability (P(AAu) = 1/20 = 0.05) for each amino acid.
Therefore, Equation 1 simplifies to:

P(AAu|X) ∝ fAAu(X). (2)

Nevertheless, the use of the present scheme for se-
quential assignment would necessitate to take into ac-
count the different P(AAu) values, in order to provide
a prediction in agreement with the sequence com-
position. For this reason, our probabilistic model is
formulated in the general context.

The computation of fAAu(X) requires to relate the
n observed chemical shift values to the nmax amino
acid nuclei. Because of the overlapping of chemical
shift ranges, there is no unique assignment of the
observed chemical shift values to the nuclei of the
considered amino acid. Therefore, the computation of
fAAu(X) must take into account all possible assign-
ments, each one being incompatible with the others.
We express this in the relation:

fAAu(X) =
∑

δ∈A(X,n)

fAAu(δ), (3)

where δ is a possible assignment of the chemical shifts
to the amino acid AAu nuclei, and A(X, n) the set of
all possible assignments of the n observed chemical
shifts (X) to the nmax amino acid nuclei. If n = nmax,
the number of all assignments equals n!.

When the nuclei are not all observed in the spin
system (n < nmax), the sum in Equation 3 has to be
calculated over the permutations of all combinations
corresponding to a choice of n observed chemical
shifts among the nmax spin system nuclei. This model
includes the case of the nuclei having multiplicity lar-
ger than 1, as the Hβ protons (or the Hα in Gly),
whatever the number of observed chemical shifts. If
a number of nuclei larger than the number present
in AAu is experimentally observed (n > nmax), the
probability fAAu(X) is set to 0.

As the number of permutations of combinations
may be too large to do all calculations even for a
medium-sized amino acid, we developed an algorithm
to generate permutations of combinations only for the
most probable assignments. Practically, only assign-
ments with probabilities fAAu(δ) greater than 10−6

were taken into account when computing the sum in
Equation 3.
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Independent chemical shifts model (ICSM)

Under the assumption that the observations of chem-
ical shift values are independent inside a spin system,
for a specific assignment of the chemical shift val-
ues to the spin system nuclei (δ), the probability
fAAu(δ) can be written as a product over the n observed
chemical shifts:

fAAu(δ) =
n∏

j=1

fAAu(δj ), (4)

where fAAu(δj ) is the probability to observe the jth
chemical shift with a value δj in the amino acid AAu.
Equation 4 is valid when the number n of chemical
shifts observed is equal to the number nmax of nuclei
in the amino acid.

For a sake of simplicity, we assume, as a first ap-
proximation, that the chemical shift distributions are
Gaussian, and write Equation 4 as:

fAAu(δ) =
n∏

j=1

exp

[
− 1

2

(
δj −µj

σj

)2
]

σj

√
2π

, (5)

where µj is the mean value of the chemical shift j and
σj its standard deviation.

As the number of observed chemical shifts may be
smaller than the number of nuclei (n ≤ nmax), the
probability of presence of the chemical shifts has to
be taken into account. The probability P(CSj ) of the
presence of the jth chemical shift is determined from
the analysis of missing chemical shifts in the BMRB
assignments. In terms of this probability, Equation 5
can then be rewritten as:

fAAu(δ) =
nmax∏
i=1

[
1{CSi=NA}(1 − P(CSi))

+ 1{CSi �=NA}P(CSi)
]

n∏
j=1

exp

[
− 1

2

(
δj−µj

σj

)2
]

σj

√
2π

, (6)

where 1{CSi=NA} equals 1 if the chemical shift i is not
available (NA) and 0 otherwise. 1{CSi �=NA} equals to
1−1{CSi=NA}. Equation 6 has the advantage compared
to Equation 4 that, if no chemical shift is observed
(n = 0), a value for fAAu(δ) can be calculated, as
the number nmax of nuclei in the spin system always
differs from 0.

Correlated chemical shifts model (CCSM)

The hypothesis of independence of the chemical shift
observations can be avoided by using multivariate nor-
mal distributions. In that frame, if n = nmax, the
density fAAu(δ) can be expressed as follows:

fAAu(δ) =
exp

[
− 1

2 (δ − M)T�−1(δ − M)
]

(2π)n/2|�|1/2 , (7)

where δ is the vector of observed values (δ1, · · · , δn),
M the vector of the mean chemical shifts (µ1, · · · ,µn)
for the nuclei, (δ − M)T T the transposed of the vector
(δ−M), � the covariance matrix, �−1 its inverse, and
|�| its determinant. The term (δ − M)T�−1(δ − M)

is known as the Mahalanobis distance (Mahalanobis,
1930).

The elements of the covariance matrix � are cal-
culated as:

�ij = 1

m − 1

m∑
k=1

(δik − µi )(δjk − µj ), (8)

where m is the number of spin systems used to cal-
culate the statistical parameters, and δik (respectively
δjk) the chemical shift of nucleus i (respectively j ) in
the spin system k. Equation 8 provides a non-biased
estimator of the covariance because of the use of the
factor 1/(m−1) instead of 1/m (Morgenthaler, 1997).

Using the density of Equation 7, and taking into
account the probability of presence of chemical shifts
(case n ≤ nmax), one can write the probability fAAu(δ)

as:

fAAu(δ) =
nmax∏
i=1

[
1{CSi=NA}(1 − P(CSi))

+ 1{CSi �=NA}P(CSi)
]

exp
[
− 1

2 (δ − Mu)
T�−1(δ − Mu)

]
(2π)n/2|�u|1/2 , (9)

where Mu is the vector of mean values and �u the
covariance matrix for the amino acid AAu.

Equation 9 is a generalization of the Equation 6.
If we set the non-diagonal elements �ij (i �= j) to 0
we recover the model assuming independence. In the
frame of the two models presented here (ICSM and
CCSM) and for n ≤ nmax, fAAu(δ) is given by Equa-
tions 6 and 9, respectively. Using these equations, it
is possible to compute the probability of the 20 amino
acid types given any set of chemical shifts observed in
a spin system. The predicted amino acid type is chosen
as the one with the highest probability.
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Materials and methods

BMRB filtering

The complete BMRB (2371 NMR-STAR files) was
downloaded in October 2002. Only protein assign-
ments were kept (2300 files) and the following heur-
istic method was used to remove proteins with out-of-
range chemical shift values; these proteins are essen-
tially paramagnetic proteins. The mean chemical shift
µ and the standard deviation σ of each nucleus were
calculated within the BMRB. Then, if more than 5% of
the chemical shift values for a protein, were located at
more than ±5σ from µ, the corresponding NMRSTAR
file was removed. After the application of this heuristic
filter, 2041 files remained.

Then, all sequences were aligned versus each
other to remove homologous proteins that may in-
troduce a bias into statistics and tests. As too small
sequences lead to poor alignment statistics, the se-
quences containing less than 10 residues were also
removed (1918 files left). The remaining sequences
were then aligned using fasta3 (Pearson, 2000) and
grouped using a ‘maximum independent set of a bi-
partite graph’ algorithm (Kashiwabara et al., 1992)
with an E-value cut-off of 10−3. Finally, in each of
the 783 groups obtained, the sequence with the max-
imum number of chemical shifts available was selec-
ted within the following experimental conditions: pH
in the 3–10 range and temperature in the 283–318 K
range. The total filtering process is summarized in Fig-
ure 1. The complete list of non homologous BMRB
entries used in this study can be downloaded from:
ftp://ftp.cbs.cnrs.fr/pub/RESCUE2/BMRB_selected_
sequences.txt

Test procedure

The predictions presented here have been calculated
using the jackknife method (also known as leave-
one-out cross validation) on the 783 non homologous
sequences. The procedure was the following: one of
the 783 sequences was removed from the list and the
statistical parameters µi , σi , �u and P(CSi) calculated
on the remaining 782 proteins, are then used to predict
the amino acid types in the removed sequence, using
ICSM and CCSM. The procedure was applied to the
783 proteins, and the rate of correct prediction is the
total overall efficiency obtained on all the spin systems
of these proteins. In order to evaluate without bias the
contribution of each nucleus to the prediction, only the
spin systems containing exactly the set of nuclei on

Figure 1. Protocol of the BMRB filtering to obtain a set of
non-homologous proteins used in prediction tests.

which the prediction is tested are processed. Predic-
tions in case of missing chemical shifts are discussed
in subsections 4.4 and 4.6. Depending on the nuclei
studied, the number of predicted spin systems for each
test lies between 20,000 and 45,000.

Sensitivity and specificity

The quality of the prediction is analyzed by calculating
the sensitivity and the specificity of the prediction for
each amino acid type. For AAu, the number of true
positives (TP) is the number of correctly predicted spin
systems of type AAu, the number of false negatives
(FN) is the number of spin systems of type AAu, in-
correctly predicted to other amino acid types, and the
number of false positives (FP) is the number of spin
systems of other types, incorrectly predicted to AAu.
The sensitivity of the method is the ratio TP/(TP+FN)

and the specificity the ratio TP/(TP + FP), both ratios
being expressed in percentage. If all the amino-acids
are put in the same class (for a general efficiency es-
timation), only two classes remain (well predicted or
badly predicted), and the specificity and sensitivity ra-
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tios are equal. In this latter case, we will use the term
‘overall efficiency’ to avoid confusions where these
two ratios are different.

Software details

Two programs have been implemented: the first, called
(BMRB stats) for computing the statistical parameters
from the BMRB and the second, called (RESCUE2)
for computing the probability of a spin system to
correspond to each of the 20 amino acid types. The
program BMRB stats takes as input a list of BMRB
files from which the statistical parameters are ex-
tracted. The output is a file summarizing the nuclei
statistics, including mean chemical shifts and stand-
ard deviation values, as well as the probabilities of
presence and the covariance matrices. The program
RESCUE2 takes as input the statistics computed using
BMRB stats, and the list of spin systems to be ana-
lyzed. For each spin system, the output is the list of
conditional probabilities P(AAu|X) of the 20 amino
acids AAu.

The programs have been implemented in the
C language (ANSI), using the GNU Scientific
Library∗ (GSL) (Galassi et al., 2002) for com-
bination, permutation, vector and matrix opera-
tions. They are released under a free software∗∗
license (LGPL license), and are available at:
ftp://ftp.cbs.cnrs.fr/pub/RESCUE2/. An online server
is also available at: http://www.infobiosud.cnrs.fr/
SERVEUR/RESCUE2/

If the total number of permutations of combin-
ations were calculated, the computation time for
the prediction with RESCUE2 on a Pentium® III at
500 MHz would vary from less than 0.1 second to
more than months (time estimated for the most dif-
ficult case: the 13 hydrogens of Arg), depending
on how many chemical shifts are used. A huge de-
crease is observed in the computation time, if only
the most probable combinations and permutations are
computed (as described above in subsection 2.1). For
instance, in the case of Arg, the computation time de-
creases to few minutes. The average computation time
for a full jackknife procedure on the test set is less
than 3 h.

∗http://www.gnu.org/software/gsl/
∗∗http://www.gnu.org

Results and discussion

Mean values, standard deviations and presences of
chemical shifts in the BMRB

The mean chemical shifts and standard deviations cal-
culated are similar to those given on the BMRB web
site http://www.bmrb.wisc.edu/ref_info/statsel.html.
The number of chemical shift observations is ran-
ging from 3 (Hγ of Cys) to 5481 (HN of
Leu) with a mean value of about 1900 observa-
tions. The complete statistics can be found at:
ftp://ftp.cbs.cnrs.fr/pub/RESCUE2/BMRB_stats.out

To be able to compare the different amino acids,
we will focus on the following reduced set of nuclei:
N, HN , Cα, Hα, Cβ, Hβ and C′. The amino acids Pro
and Gly will be ignored or treated as special cases
since they do not possess all nuclei from the reduced
set. The chemical shifts of nuclei having multipli-
city larger than 1, as Hβ protons (or Hα in Gly), are
processed in the same way as the other chemical shifts.

The Gaussian distributions with the statistical para-
meters calculated on the BMRB (Figure 2) display dif-
ferent levels of overlapping among amino acids. Nuc-
lei with very overlapping distributions and/or large
standard deviations like HN and C′ would probably
give few information about amino acid types. On the
other hand, nuclei with dispersed distributions like Hβ

and Cβ should give better information.
The percentages of missing chemical shifts are ran-

ging from 3.4% (HN of Ala) to 99.2% (Cζ of Tyr)
for the complete set of 274 nuclei. The most frequent
nucleus observed is the HN while frequently missing
chemical shifts are generally exchangeable hydrogens
and the long sidechain nuclei (Cδ to Cζ, Nε, Nζ). For
the 138 types of 1H nuclei, 11 hydrogens were not
measured for more than 75% of the cases, and were
not considered further in the calculation. These hydro-
gens are the amide hydrogens of the Arg sidechain, the
sulfur hydrogen of Cys, the exchangeable hydrogens
of the His ring, the NH3+ terminal hydrogen of Lys,
and the hydroxyl hydrogens of the Ser, Thr and Tyr
sidechains. The least present hydrogen not excluded
is the Hε of Arg missing in 72% of the cases. In the
reduced set of nuclei described at the beginning of this
subsection, the sorted nuclei from the most present
to the least present are: HN (5.3%), Hα (14.9%), N
(19.4%), Hβ (22.8%), Cα (23.7%), Cβ (30.0%) and C′
(47.1%), where the percentages of missing chemical
shifts are given in brackets.
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Figure 2. Gaussian distributions of the chemical shifts of the nuclei HN , Hα, Hβ, N, Cα, Cβ, C′ among the 20 amino acids. The parameters of
the Gaussian distributions were calculated from a statistical analysis of the 783 non homologous sequences of the BMRB.

Correlation coefficients between chemical shifts

The elements of the covariance matrix �ij were nor-
malized to correlation coefficients CCij:

CCij = �ij√
�ii�jj

. (10)

The correlation coefficients (CC) concerning the
reduced set of nuclei: N, HN , Cα, Hα, Cβ, Hβ and
C′, are displayed in Figure 3 with a palette of blue

and red colors, corresponding to the intensity of the
correlation. The tables containing the correlation coef-
ficients are available as supplementary material. Slight
differences are observed for amino acids of similar
structures. Asp and Asn have similar correlation pat-
terns, as well as (Glu, Gln), (Ile, Leu), and (Cys, Ser).
Although the aromatic amino acids have the same
chemical structure for the nuclei considered here, their
different sidechains obviously influence in different
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Figure 3. Correlation coefficients between the nuclei HN , Hα (QA), Hβ (QB), C′, Cα , Cβ and N for the 20 amino acids. The QB and QA spins
are designing equivalent Hα and Hβ hydrogens. The absolute values smaller than 0.25 are in white, the absolute values in the 0.25–0.5 range
are in light color, and the absolute values larger than 0.5 are in dark color. For absolute values larger than 0.25, positive correlations are in blue,
negative correlations in red. The correlation values, rounded off to the closest 1-digit number, are written if the absolute value is larger than 0.1.
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ways the correlations between the nuclei close to the
backbone. On the other hand, the amino acids (Ala,
Arg) and (Lys, Leu) display similar patterns, despite
of their different sidechains. A possible reason for this
fact may be the distance of the sidechain groups to the
backbone atoms. The amino acids Gly and Pro have
correlations smaller than the other amino acids.

If only correlations larger than 0.5 (dark colors)
are considered, the differences between the amino
acids are less sensible. In that case, the amino acids
Arg, Glu, Gln, Leu and Lys have exactly the same
correlation pattern, and the amino acids Ala, Ile and
Val display correlation patterns close to this one. The
inclusion of the correlation coefficients is thus not
expected to help much to discriminate between the
amino acid types.

Mean values of the correlation coefficients have
been calculated over all amino acids (except Pro and
Gly). The average absolute value of the correlations
is 0.21, which proves a strong correlation between the
chemical shift values. There are 7 correlation larger
than the average: Hα/Cα (−0.57), Cα/C′ (0.55), Hα/Cβ

(0.48), HN /N (0.42), Hα/C′ (−0.34), Cα/Cβ (−0.31)
and Hα/HN (0.22).

A strong negative correlation in the −0.75/−0.45
range is observed between the Cα and Hα chemical
shifts, for all amino acids, except His (−0.38), Pro
(−0.16) and Phe (−0.14). This strong negative cor-
relation between the Cα and Hα chemical shifts is
the basis of the Chemical Shift Index (CSI) method
(Wishart and Sykes, 1994).

The strongest mean correlation values observed
between the nuclei are determining three groups of
nuclei: (N, HN ) , (Hα, Cβ) and (Cα, C′), which are
positively correlated. The strong negative correlations
observed between Hα and C′, Hα and Cα, Cα and Cβ,
are consistent with these groups. The smaller correl-
ation between C′ and Cβ always exhibits a negative
value in the −0.37/−0.076 range.

Predictive power of the different nuclei

The efficiency of the amino acid type prediction was
tested extensively according to different combinations
of nuclei. The best combinations are presented in
Table 1 for the overall efficiency and in Table 2 for a
summary of the sensitivities and specificities observed
for the different amino acid types. The sensitivity ans
the specificity ratios were defined above, in subsec-
tion 3.3. If all the amino-acids are put in the same
class, only two predictions are possible (well predicted

Table 1. Overall efficiency calculated for the ICSM and the
CCSM for various sets of nuclei

Nucleia Independent CS model Correlated CS model

HN 7.4 –

C′ 11.3 –

N 16.6 –

Hα 17.5 17.5

Cα 23.7 –

Cβ 44.8 –

Hβ 50.0 51.0

Hβ, Cβ 70.6 70.4

Hβ, Cβ , Cα 73.4 74.4

Hβ, Cβ , Cα, C′ 73.0 76.2

All nucleib 97.1 98.0

aThe spin systems processed are those possessing all nuclei listed.
bPrediction made using all nuclei having a presence probability
above 25%.

or badly predicted), the specificity and sensitivity ra-
tios are equal, and the overall efficiency is the value of
these ratios.

Single nuclei sets
ICSM was used for all tests made on single nuc-
lei, Hβ and Hα were also tested by CCSM. Surpris-
ingly, the nucleus Hβ gives the best overall efficiency
(Table 1), but nucleus Cβ gives more specific predic-
tions (Table 2) for three amino acid types (Ala, Ser and
Thr) versus two (Ser and Thr) for Hβ. In the case of
Hβ, only four amino acids display a sensitivity smaller
than 5% versus six amino acids for Cβ. According to
the efficiency of the prediction, the ranking of the nuc-
lei is as follows: Hβ, Cβ, Cα, Hα, N, C′ and HN . The
importance of the Cβ chemical shift for the amino acid
typing is in agreement with the observations already
reported in the literature (Grzesiek and Bax, 1993).

The nuclei classification obtained here is in agree-
ment with the qualitative observation of the chemical
shift distributions in amino acids (Figure 2). Nuclei
exhibiting smaller overlapping as Hβ or Cβ, are pro-
ducing better prediction rates. Nevertheless, as the
nucleus Hβ displays more uniformly dispersed mean
values compared to the nucleus Cβ (Figure 2), the
distribution of the mean values seems to influence the
results of the prediction.

For all nuclei, except Cβ and Hβ, more than eight
amino acid types display a sensitivity smaller than 5%
(Table 2). Specificities larger than 95% are observed
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Table 2. Amino acid types prediction summary for the CCSM results presented in
Table 1

Nuclei Spec. >95%a Sens. <5%c

HN – All except C, D, E, K

C′ – All except A, G, L, N, P, T

N – All except A, G, K, L, N, P, S

Hα G All except D, E, G, I, N, P, V, W

Cα G C, F, H, M, Q, R, W, Y

Cβ A, S, Tb C, D, H, V, W, Y

Hβ S (92.9), T H, M, R, Y

Hβ, Cβ A, S, T, V (79.3) H, Y

Hβ, Cβ, Cα A, S, T, V (84.2) C (14.6)

Hβ, Cβ, Cα, C′ A, L, S, T, V C (13.6)

All nuclei All except H, M, N, W C (38.9)

aThe sensitivity is specified after the amino acid name when <95%.
bSpecificity >94.8% instead of >95%.
cIf all amino acids were predicted with a sensitivity larger than 5%, the amino acid
displaying the smallest sensitivity is shown with the sensitivity in brackets.

only for nuclei Hα, Cα, Cβ and Hβ (Table 2) and
concern the amino acids Gly, Ala, Ser and Thr.

Best combined nuclei sets
After having tested each isolated nucleus, we determ-
ined the sets of two, three and four nuclei giving the
highest prediction accuracy (Table 1). The set (Hβ, Cβ)
displays the best overall efficiency (70%) as expected
from the previous results. The addition of Cα adds
4% to the result obtained with (Hβ, Cβ). Finally, the
overall efficiency reaches 76.2% with Hβ, Cβ, Cα and
C′. The overall efficiency obtained on a set of nuclei
is lower than the sum of the overall efficiencies on the
single nuclei: there is some redundancy in the inform-
ation carried by the chemical shifts. All nuclei sets
show specificities larger than 95% for Ala, Ser and Thr
(Table 2), in agreement with the observations made on
single nuclei sets. On the other hand, the subsets of
the three and four best nuclei do not have sensitivities
smaller than 13% over the amino acids (Table 2). In
both cases, Cys is the amino acid with the smallest
sensitivity.

All nuclei
The efficiency of the amino acid prediction was tested
using the complete set of chemical shifts available for
1H, 15N and 13C nuclei in each amino acid with a prob-
ability of presence superior to 25%. This calculation
is much too optimistic with respect of the usual pos-
sibilities of chemical shift measurements, as it is rare
to measure the complete set of chemical shifts for all

nuclei in a protein. But, the prediction performed here
is intended to estimate the prediction power where al-
most all chemical shift information is available. The
overall efficiency in this case is 98% using CCSM
(Table 1). This result suggests that the complete set of
chemical shifts may contain all information determin-
ing the amino acid type, which is not surprising for
amino acids with a large number of nuclei, as these
may be sufficient to discriminate between them. Nev-
ertheless, few errors are observed for amino acids with
a small number of nuclei except for Cys which is
mostly predicted as Trp; it thus displays a sensitivity
of 38.9% (Table 2).

The effect of correlations
A general feature of the predictions (Table 1) is the
small increase (1–3%) observed for the overall ef-
ficiency between ICSM and CCSM. This is a con-
sequence of the observation (Subsection 4.2) that large
correlation values are observed between the same nuc-
lei in all amino acid types. The largest difference
(3.2%) is caused by the addition of the nucleus C′
to the set of nuclei, in agreement with the large
correlation between Cα and C′.

Nuclei sets from NMR experiments

RESCUE2 was also used to test different sets of chem-
ical shifts corresponding to the recording of standard
NMR experiments (Table 3).
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Table 3. Overall efficiencies calculated in the scheme of the ICSM and CCSM, using different NMR
experiments and their corresponding sets of chemical shifts

NMR experiment Sets of chemical shifts ICSM CCSM

TOCSY (− aromatic)a HN , Hα, Hβ, . . . , Hζ 78.5 79.9

TOCSY (+ aromatic)b HN , Hα, Hβ, . . . , Hζ 86.5 88.3
15N HSQC-TOCSY HN , Hα, Hβ, N 52.4 53.4

HNCA HN , N, Cα 29.2 30.2

HNCA + HN(CA)CO HN , N, Cα, C′ 33.5 39.7

HNCA + HN(CA)CO + CBCANH HN , N, Cα, C′, Cβ 60.1 62.2

HNCA + HN(CA)CO + CBCANH + HNHA Hα , HN , N, Cα , C′, Cβ 63.9 70.5

aResults obtained without the aromatic nuclei.
bResults obtained using the aromatic nuclei having a presence probability greater than 25%.

First, 1H chemical shifts were used, as they can
be measured in TOCSY experiments. Sufficient mag-
netization transfer was assumed, in order to observe
hydrogens in the sidechains farther than the Hβ. Two
tests have been performed, the first one where aro-
matic hydrogens were not included in the calculation,
and the second one where aromatic spin systems were
assumed to be correctly connected to the backbone
spin systems.

A second set of chemical shifts was used, ac-
cording to the acquisition of a 15N HSQC-TOCSY
experiment. Only the N, HN , Hα and Hβ chemical
shifts were selected. This assumption is valid for a
protein mass smaller than 10 kD.

Then different sets of triple resonance experiments
were tested: HNCA to measure the HN , N and Cα

chemical shifts, HNCA and HN(CA)CO to meas-
ure the HN , N, Cα and C′ chemical shifts, HNCA,
HN(CA)CO and CBCANH (or HNCACB) to meas-
ure the HN , N, Cα, C′ and Cβ chemical shifts. The
set of HNCA, HN(CA)CO, CBCANH and HNHA ex-
periments to measure the HN , N, Cα, C′, Hα and Cβ

chemical shifts, was also tested.
The results presented here have been obtained us-

ing nuclei with a probability of presence superior to
25%. This procedure is intended to give a non-biased
estimation of the prediction efficiency. The obtained
rates of correct predictions are thus larger than the
ones expected using spin systems with missing chem-
ical shifts, and can be considered as upper bounds of
the prediction efficiency. On the other hand, lower
bounds of the efficiency can be estimated from the
tests on single nuclei (Subsection 4.3).

The tests were made for the nuclei contained in the
considered amino acid types: for instance, the predic-
tion for the Glycine did not use the Cβ chemical shift.

Also, the Proline was excluded from all tests except
for the TOCSY experiment.

TOCSY
The prediction of the amino acid type based on the
1H chemical shift values without aromatic chemical
shifts (Table 3) is displaying sensitivity and specificity
values above 75% for the majority of the 20 amino
acids (Ala, Arg, Val, Gln, Glu, Gly, Leu, Lys, Pro,
Ser, Thr). The amino acids Cys, His, Ile, Trp and
Tyr, which are mainly aromatic or of AMX topology,
have both specificity and sensitivity factors smaller
than 75%. These smaller values are due to prediction
errors among AMX amino acids.

The use of aromatic chemical shifts increases the
overall efficiency of about 10% (Table 3). This in-
crease is due to a better prediction of the aromatic
amino acids, which is not surprising, because of
the specific information included in the input. Fur-
thermore, a better prediction of some AMX spin
systems (Cys, Asp) is achieved by avoiding some
miss-predictions.

15N TOCSY-HSQC
The prediction based on N, HN , Hα and Hβ chemical
shifts shows smaller overall efficiency (Table 3) than
the previous prediction because many 1H signals have
been removed from the observations. Three amino
acids (Ala, Gly and Ser) display sensitivity and spe-
cificity values larger than 75%: among them, Ala and
Ser already displayed large sensitivity for the follow-
ing sets of nuclei: Hβ, Cβ, (Hβ, Cβ), (Hβ, Cβ, Cα) and
(Hβ, Cβ, Cα, C′) (Table 1).

Triple resonance spectroscopy
Using the HNCA experiment (Table 3), only 30.2%
of the spin systems can be predicted correctly. Upon
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Figure 4. Sensitivity (solid) and specificity (hatched) results for all amino acid types in the frame of the CCSM using the Hα , HN , N, Cα , C′
and Cβ nuclei. The number of predicted spin systems in this test is 26,148.

Figure 5. Prediction results for CCSM using the Hα, HN , N, Cα,
C′ and Cβ nuclei. The types of amino acid predicted are displayed
according to the type of the amino acid in the prediction input (left
of the figure). The prediction results are given for CCSM using the
Hα , HN , N, Cα , C′ and Cβ nuclei. The numbers given in brackets are
the population sizes of the input in percentage. For each amino acid
type, the proportion observed for its own type (in gray) represents
the sensitivity for this type.

addition of the C′ chemical shift measured in the
HN(CA)CO experiment, the overall efficiency reaches
39.7%. As expected, the addition of the Cβ clearly
improves the prediction, increasing the overall effi-
ciency up to 62.2%. With the addition of Hα, the final
result (70.5%) does not differ substantially from the
result obtained with the (Cβ, Hβ) subset (Table 1). Dif-
ferences in the efficiency between the ICSM and the
CCSM larger than 6% can be observed after adding the
C′ and Hα chemical shifts. This may be due to the large
correlations involving Hα and C′ (Subsection 4.2).

We analyze in more details the last example (nuclei
HN , N, Cα, C′, Cβ, Hα) in the frame of CCSM, by

Figure 6. Prediction results for the CCSM using the Hα, HN , N,
Cα, C′ and Cβ nuclei. The types of the amino acids in the prediction
input are displayed according to the predicted type of amino acid
(shown at the left of the figure). The numbers given in brackets are
the population sizes of the prediction output in percentage. For each
amino acid type, the proportion observed for its own type (in gray)
represents the specificity for this type.

showing the sensitivity and specificity for each amino
acid type (Figure 4), the predictions obtained for each
amino acid type proposed in input (Figure 5), and the
amino acid type of the input sorted according to the
amino acid type predicted (Figure 6).

The majority of the amino acids displays similar
values of sensitivity and specificity (Figure 4). Two
major kind of exceptions are observed. The first one
is shown by the Cys (Arg displays similar behavior);
its sensitivity is small (10.4%) but its specificity is
high (85.1%). The Cys input spin systems are pre-
dicted (Figure 5, line 15) as several other amino acid
types, in particular Trp, His, Tyr, Val, Asn, which
produces the small sensitivity. On the other hand, due
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Table 4. Compared prediction results for RESCUE and RESCUE2
(ICSM) using the 1H chemical shifts and the 15N HSQC-TOCSY
chemical shifts

Amino RESCUE RESCUE RESCUE2 RESCUE2

Acid 1H 15N 1H 15N

A 92.2 70.2 95.5 89.9

C 23.7 17.7 17.4 10.7

D 48.3 40.5 85.5 76.1

E 39.8 24.7 93.7 30.4

F 8 1.3 5.1 6.2

G 91.2 79.7 88.1 87.2

H 1.9 15.8 0.8 2.1

I 82.7 43.7 73.8 51.1

K 92.7 1.3 100.0 56.3

L 64.9 57.0 79.5 46.5

M 50.7 8.2 89.3 5.2

N 10.4 29.1 97.9 29.3

P 77 – 90.7 –

Q 51.8 17.7 100.0 51.1

R 90.3 27.8 99.1 6.2

S 89 60.8 90.7 71.1

T 90.8 72.8 99.8 74.9

V 94.5 50.0 95.2 57.0

W 60 27.2 65.3 69.1

Y 0 17.7 20.0 14.1

All 63.5 34.9 79.9 53.4

to the high specificity, the majority of predicted Cys
are effectively Cys spins systems (Figure 6, line 15).
Consequently, although Cys is 1.5% of the total num-
ber of tested amino acids, the predicted Cys represents
only 0.2% of the predictions. The second case is rep-
resented by the Trp (but Tyr, Gln and Ile have similar
features); its sensitivity (53.9%) is greater than its
specificity (27.4%). Indeed, while half of the Trp is
predicted as Trp, the other half is mainly predicted
as Gln, Glu and His (Figure 5, line 3). But, due to
the small specificity, a significant amount of Glu, His,
Cys, Arg and Gln is predicted as Trp (Figure 5, line
3), with the consequence that the number of predicted
Trp spin systems equals twice the number of the input
Trp spin systems.

Comparison with rescue

The predictions obtained with RESCUE2 (ICSM)
were compared (Table 4) with results obtained with
RESCUE on the 1H chemical shifts (Pons and Delsuc,
1999), and on the N, HN , Hα, Hβ chemical shifts

(Auguin et al., 2003). The prediction based on 1H
chemical shifts with RESCUE2 gives significantly
better results than with RESCUE (Pons and Delsuc,
1999). Indeed, only nine amino acids (Gly, Ala, Val,
Ile, Pro, Thr, Lys, Arg, Ser) display a sensitivity better
than 75% using RESCUE, whereas 16 amino acids
(Ala, Arg, Asp, Asn, Gln, Glu, Gly, Leu, Lys, Met,
Pro, Ser, Thr, Trp, Tyr, Val) display a sensitivity better
than 75% using RESCUE2. Isoleucine is the only case
where the prediction is slightly worse, however, Ile
has a sensitivity value of 71.2% and a specificity value
of 66.9%. While the overall efficiency for RESCUE is
63.5%, we observe a value of 79.9% for RESCUE2.

The prediction with RESCUE2 using N, HN , Hα,
Hβ chemical shifts is also displaying better results
(Table 4) than those obtained with RESCUE (Auguin
et al., 2003). Indeed, nine amino acids (Ala, Asp, Gly,
Ile, Leu, Pro, Ser, Thr, Val) show sensitivity larger
than 50%, compared to only five amino acids (Ala,
Gly, Leu, Thr, Ser) in the RESCUE analysis. The over-
all efficiency is 53% for RESCUE2, compared to 35%
in the RESCUE analysis.

It is not obvious to tell why the probabilistic model
of RESCUE2 has a better performance than the neural
network approach used in RESCUE, but the main
differences of RESCUE2 in comparison to RESCUE
are:
1. the direct use of observed values without a fuzzy

logic input layer;
2. the inclusion of all possible assignments of chem-

ical shifts to the nuclei, by taking into account the
permutations of combinations in Equation 3;

3. a larger and a less redundant learning set;
4. the use of the probabilities of presence.

Comparison with PROTYP and PLATON

RESCUE2 was compared with the PLATON and
PROTYP methods presented in Labudde et al., 2003.
These authors used the Cα, Hα, Cβ and C′ chemical
shifts recorded for a set of 51 proteins. The prediction
was performed with RESCUE2 using the same data
sets for learning and prediction (Table 5, RESCUE2
(a)). The overall efficiency of the prediction was ana-
lyzed for the first ranked amino acid (1st), and for the
three first ranked amino acids (1–3). RESCUE2 is giv-
ing better results than PLATON and PROTYP, with
a difference of overall efficiency always greater than
10%.

The predictions performed with PLATON only al-
lowed the use of complete spin systems. An additional
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Table 5. Comparison of the prediction results obtained with RESCUE2 and PLATON/PROTYP. The
results were analyzed like in Labudde et al. (2003) a prediction is successful either if the first ranked
prediction is the correct amino acid (1st) or if the correct prediction is in the three first ranked
prediction (1–3). PLATON(1) and PLATON(2) correspond to the different penalty functions used
in Labudde et al., 2003. RESCUE2(a) and RESCUE2(b) correspond respectively to the predictions
without and with processing of incomplete spin systems

Rank PLATON(1) PLATON(2) PROTYP RESCUE2(a) RESCUE2(b)

1st 45.4 61.7 59.3 72.5 71.5

1–3 72.0 83.1 86.8 95.2 94.2

prediction was run with RESCUE2, taking into ac-
count incomplete spin systems (Table 5, RESCUE2
(b)), through the probabilities of presence. The results
of this second prediction show only a slight decrease
(about 1%) in the overall efficiency, and the number of
predicted spin systems increased by 9%.

Conclusion

A probabilistic approach was presented for the predic-
tion of amino acid type from the chemical shift values
of a given spin system. This approach is based on an
extensive use of the chemical shift values recorded in
the BMRB. A protocol and a set of programs were
developed to allow the automatic processing of any
BMRB subset.

Several authors (Gronwald et al., 1998; Cornilescu
et al., 1999) pointed out the problem of the correct
referencing of the chemical shifts values, specially in
the case of 13C nuclei. This referencing is required for
any quantitative use of these values. Here, we deliber-
ately ignored this aspect, and processed all chemical
shift values stored in the BMRB for two reasons:
(i) to rely on the maximum-size data bank, and (ii)
the difficulty to sort the incorrectly referenced pro-
tein assignments from the correctly referenced ones.
The results presented here may have suffered from
such an approximation but they are still improving the
prediction achieved by other methods.

Indeed, the probabilistic scheme proposed here
shows more sensitive and specific results than all other
previously proposed approaches (Grzesiek and Bax,
1993; Pons and Delsuc, 1999; Auguin et al., 2003;
Labudde et al., 2003). Progress were not only made in
the efficiency of the prediction but also in the model-
ing of the assignment problem, by taking into account
the missing chemical shifts and the different possible
assignments of chemical shifts to nuclei. The improve-

ments in the modeling permit to use RESCUE2 on
any set of chemical shifts, and would be of major
importance in a larger assignment strategy.

The RESCUE2 input is only specifying the type
of nuclei for which chemical shifts are measured, i.e.,
15N, 13C or 1H. Inside the same type of nucleus, the
chemical shifts are provided without specific atom in-
dication. This is an important advantage of the method
in automatic processing of the chemical shifts, and
is made possible by the algorithm designed to gen-
erate permutations of combinations only for the most
probable assignments (Subsection 2.1).

The efficiency of the various nuclei to predict the
amino acid type has been extensively investigated. The
Hβ was identified as the most efficient nucleus, fol-
lowed by the nuclei Cβ, Cα, Hα, N, C′ and HN . We can
achieve prediction rates as high as 51% with only one
nucleus (Hβ), 70.6% for two nuclei (Hβ, Cβ), 74.4%
for three nuclei (Hβ, Cβ, Cα) and 76.2% with four
nuclei (Hβ, Cβ, Cα, C′). Finally, we have been able
to show that from a typical set of NMR experiments, it
is possible to reach an overall prediction efficiency as
high as 70%.

The first practical conclusion of this work is that
the chemical shifts of an isolated spin system, recor-
ded in a set of usual triple resonance experiments,
contain sufficient information to reach a prediction
level up to 70 %, without using information about the
adjacent residues. This can be very useful in the case
of interaction studies between biomolecules, for which
the sequential assignment is unreachable (Ramaen
et al., 2003). Another conclusion is that the chemical
shifts of two nuclei, Hβ and Cβ, are sufficient to reach
an overall efficiency higher than 70%. Finally, the cor-
relations between the chemical shifts are large, but not
sufficiently specific to the amino acid to improve the
prediction using multivariate distributions.
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